DNA sequence analysis of the same chromosomal region from two haplotypes of Mus musculus and from the related species M. caroli and M. pahari reveals the presence of long interspersed sequence one ( LINES-1, or L 1) elements residing at the same nucleotide position in the two most distantly related of the species (M. musculus and M. pahari). The DNA sequence of each of these Ll elements is more similar to that of other Ll elements from its own species than to the other. Thus, the Ll sequence at each of these sites is recent with respect to the divergence of the species. This could be a result of recent gene conversion of Ll elements inherited from a common ancestor or of two recent independent Ll insertion events at the same nucleotide position in the two species. Such specificity of insertion would be quite different from the apparent randomness of other characterized Ll insertion events, such as those in the P-globin locus. If the recent Ll sequences arose at this site by gene conversion of an ancestral Ll element, then the absence of an Ll element at this location in the M. caroli chromosome examined could arise either from its precise deletion from M. caroli or from the segregation into M. caroli of a polymorphic chromosome present in the ancestral population which was missing this Ll element.
Introduction
The most highly repeated long interspersed mammalian DNA sequence knownthe LINES-l, or Ll family (Rogers 1986 )-appears in mice as if it were a recently introduced family (Martin et al. 1985; Hardies et al. 1986 ), even though it was inherited at high copy number from the ancestor to all mammals (Burton et al. 1986) . That is, Ll elements from a given murine species show less divergence among themselves than they do relative to elements from other species (Martin et al. 1985; ). Lower intraspecies divergence than interspecies divergence of a sequence family present in the common ancestor is usually due to a process called "concerted evolution" (Perry et al. 1970; Bimstiel et al. 197 1; Dover and Coen 198 1) and is often attributed to gene conversion (Dover and Coen 198 1) . Previous analyses of the distribution of Ll elements within two murine species, Mus musculus BALB/c [inbred lines are hybrids between two subspecies, 44. musculus musculus and M. m. domesticus, according to Bonhomme et al. ( 1987) and, when referred to herein as a species, will be called A4. musculus] and M. caroli, suggested that the Ll sequence similarity in those animals was caused by a recent amplification of the Ll population (Casavant et al. 1988) . This involved an examination of the sites within the B-globin loci of the two species occupied by Ll elements. Amplification models for concerted evolution would predict that Ll elements young with respect to the divergence time of the two species involved would be at different insertion sites within the B-globin loci and that Ll elements old with respect to that divergence time would be located at the same nucleotide positions. Our previous examination (Casavant et al. 1988 ) of 11 Ll elements found in the embryonic region of the P-globin loci in M. musculus and M. caroli found all of these to be consistent with the amplification model for concerted evolution.
We report here a case of two L 1 elements which we have found to be at the same nucleotide position within the /3-globin loci of two species, M. musculus (both BALB/ c and C57Bl inbred lines) and M. pahari, but which are young with respect to the divergence time of these two species. Sequence analysis of these two Ll elements leaves us with a complex array of possibilities concerning their evolutionary history but necessitates postulating either recent gene conversions of the two elements or their recent transposition into the same target site.
Material and Methods
The Charon 4A clone CE 14 contains the site of LlMd-6 insertion within the adult P-globin locus of the BALB/c (Hbbd haplotype) mouse, while the Charon 4A clone BA4 contains sequences allelic to this site within the C57Bl (Hbb" haplotype) mouse (Burton et al. 1985) . The Charon 28 clone 724-4, containing Mus pahari sequences that are allelic to those in CE 14 and BA4, was isolated from a M. pahari genomic DNA library supplied by Dr. Ken Marcu, by using nick-translated probes (Burton et al. 1986 ) made from single-copy DNA that flanks LlMd-6. The Charon 30 clone 83-15, containing M. caroli sequences from the adult P-globin locus, was a gift from N. Carol Casavant and Dr. Fred Funk. It was identified as allelic to clones CE 14 and BA4 by direct sequence determination and by comparison of its restriction map to total genomic DNA digests.
Restriction fragments of these clones that contained sequences allelic to the site of L 1 Md-6 insertion were subcloned into the polylinker site of either or both M 13mp 18 and M 13mp19 (Yanisch-Perron et al. 1985) , which were a gift from Dr. Joachim Messing. Phage DNA was prepared by the method of Dale et al. ( 1985) . Sequencing strategies employed a combination of the methods of random shotgun sequencing (Bankier et al. 1987 ) , directed sequencing based on recloning T4 DNA polymerasebased deletion intermediates (Dale et al. 1985 ) , directed sequencing using synthesized oligonucleotide primers (Strauss et al. 1986) , and directed sequencing based on recloning of S 1 -treated intermediates of in vitro DNA synthesis (Burton et al. 1988; Liu and Hackett 1989 ) . All sequences were obtained on both strands, except for a C57B 1 region of -150 nucleotides at figure 2 positions 992-1140, which was sequenced multiple times on one strand. Sequence was obtained an average of 3.7 times/character. Dideoxy sequencing was done by a modified Sanger procedure (Bankier et al. 1987) . Compressions in the DNA sequence were resolved by the use of inosine (Bankier et al. 1987) .
Restriction endonucleases, Sl nuclease, DNA polymerase large fragment, and oligonucleotide sequencing primers were purchased from Bethesda Research Labs or New England Biolabs. Custom primers were prepared by an automated oligonucleotide synthesizer. T4 DNA polymerase and linker oligonucleotides for employing the deletional sequencing method were purchased from International Biotechnologies, Incorporated. Radiolabeled nucleotides were purchased from New England Nuclear.
Sequence data were assembled by the DBSYSTEM compiler (Staden 1982 ) and entered into a VAX 11/780 computer with the SEQINP and BATCAT programs ). Sequence similarity searches and alignments were performed with a diagonal matrix algorithm (DIAGSRCH and DIAGLIST) and alignment tool (SALT) described elsewhere (White et al. 1984 ). All of the major sequence-length alterations between species were confirmed, by means of total genomic DNA hybridization, to be germ-line alterations rather than cloning artifacts (data not shown).
Results and Discussion
An Ll Element Exists at the Same Site in A4us musculus and M. pahari To collect information concerning the molecular mechanisms that determine the distribution and evolution of Ll sequences within the genome, we have been examining in several species the sites equivalent to those occupied by an Ll element in the M. musculus inbred line BALB/c. One such site in the murine Hbbd haplotype j3-globin locus, occupied by L 1 Md-6 in BALB / c, was examined in M. pahari (divergence from BALB/c 12 Mya) ( fig. 1) ) M. caroli (divergence from BALB/c 6 Mya) (fig, 2) , and another inbred haplotype, Hbb", from the M. musculus inbred line C57Bl ( fig. 2 ). The Hbb" haplotype, which is estimated to have diverged from the Hbbd haplotype 2 Mya, contains an Ll element at the Ll Md-6 site, but this region has suffered a large deletion, -7 kb, with one endpoint within the Ll element (figs. 2 and 3). Examination of the DNA sequences obtained from M. pahari indicated that an Ll element was located at exactly the same location as that containing LlMd-6 in the Hbbd haplotype. The Ll elements at the LlMd-6 site are more similar to other Ll elements from their respective species (4.5% and 4.7% divergence) than to each other ( 17.5% divergence) ( fig. 1 and appendix 1) . Therefore, either (a) these Ll elements in M. pahari and M. musculus must be present at the same site via independent transposition events occurring after the species diverged or (b) the sequences are present at this site because of shared ancestry and have been rendered "young" in their respective species by gene conversion.
These two Ll elements differ in length by 109 bp at the 5 ' end and by 1 bp within the 5' short direct repeat (figs. 1 and 3). Significant differences in the 5' endpoint of the two Ll elements would normally suggest that the elements found their way into the same site by independent transposition events. In such a case, the species-specific polymorphisms shown by these Ll elements would be a natural consequence of independent insertions occurring after the divergence of M. musculus and M. pahari. However, our sequence analysis shows that the longer element contains a short, 3-bp, direct repeat which exactly bounds both of the observed length differences. Such repeats, even as short as 3 bp, often serve as the substrate for deletion events. Indeed a similar deletion bounded by a 3-bp direct repeat appears to have occurred elsewhere within one of the Ll elements (figs. 1 and 3), and there are several other small length differences in the flanking sequences bounded by short repeated sequences ( fig. 2 and appendix 1)) suggesting that such changes have occurred, by whatever mechanism, relatively frequently in this region since the divergence of these two chromosomes. Hence it is not clear whether the length differences in the 5 ' region of the L 1 elements should be attributed to differences that occurred during independent insertion events or to a single small deletion in one of the elements after inheritance from a common ancestor. If these elements in M. musculus and M. pahari are present at this same site ) and L 1 Mp 2.5 are nonallelic Ll sequences from M. musculus and M. pahari, respectively. Sequences were aligned with gaps to increase the number of matching nucleotides. Asterisks represent mismatches, dots signify gaps in regions altered by insertions or deletions. The L 1 Md-6 and L 1 Mp-6 elements themselves he at nucleotide positions 208-110 1, with 50 nucleotides of 5' and 3' flanking sequence included (because additional flanking sequences are shown in fig. 2 , numbering begins here at position 147). Because the LlMd-A2 and L 1 Mp-2.5 elements are longer than the truncated L 1 Md-6 and L 1 Mp-6 elements, only the regions of these elements that are homologous to L 1 Md-6 or L 1 Mp6 are shown, plus an additional nine or 10 nucleotides at the 5' endpoints to show the end of the homologous region. Underlined nucleotides are the directly repeated target sites surrounding the point of LlMd-6 and Ll Mp-6 insertion. The triangular pointer at position 207 indicates the junction of LlMd-6 with 5' flanking DNA. The thick black boxes above a given sequence indicate short direct repeats that surround sites where apparent deletions of significance have altered either the LlMd-6 or LlMp-6 sequences or their flanking target-site repeat. Also, a 107nucleotide sequence of single-copy frequency has apparently inserted into the poly-A tail of LlMd-6, at position 975. This insertion prevented correct identification of the LlMd-6 target site and thus of the endpoints of Ll Md-6 in another sequencing study (Shyman and Weaver 1985) . 
2.-Allelic Ll elements in two other Mus lineages that are either absent or almost totally deleted. Additional sequence that flanks LlMd-6 and LlMp-6 is shown, along with homologous Ll or flanking DNA sequences from M. caroli and the C57Bl inbred line of M. musculus (Hbb" globin haplotype). The M. curoli and C57BI sequences contain no and very little Ll sequence, respectively; thus, to save space, nonhomologous parts of LlMd-6 and LlMp-6 have been removed from the figure, their removal being signified by bracketed gaps. A bracketed gap also signifies the removal of dots used to align the uninterrupted M. curoli sequence with allelic sequences interrupted by the Ll element. The 3' LlMd-6 sequence is shown (beginning at position 878 of fig. 1 ) aligned to a partially deleted remnant of LlMd-6 in C57Bl. This remnant is missing all but the last 59 nucleotides of Ll sequence 5' to the poly-A tail yet retains the 107nucleotide insertion that lies within the Ll Md-6 poly-A tail, indicating that both LlMd-6 and the 107~nucleotide insert within its tail arose prior to the split of the Hbb" and Hbb' globin haplotypes exhibited by BALB/c and C57B1, respectively. One endpoint of the deletion that occurred in C57B 1 is located at the triangular pointer at position 888 (3'to position 878 the positional numbering of figs. 1 and 2 differs, since additional sequences are being aligned). The other deletion endpoint lies 7 kb upstream relative to the BALB/c globin locus (Burton et al. 1985 ; data not shown). Asterisks signify mismatches, underlined sequences represent the target-site direct repeats, and thick boxes over flanking DNA sequences represent short direct repeats surrounding apparent deletions. The first of these deletions is actually a replacement in the LlMp-6 flank of one sequence (positions 39-60) by a second copy of a downstream sequence (positions 68-86), using shared flanking sequence identities (GGC and CATA) as endpoints for a double recombination event. The second of these deletions (also shown in fig. 1 ) removes a 2-bp sequence flanked by a 9-bp direct repeat. The third apparent deletion is the excision of one copy of a 7-bp direct repeat. This event could also be interpreted as a duplication, since no net sequence loss is observed. The diagram of the modem day Ll structures and target sites is identical for the three alternative histories, which are diagrammed as evolutionary trees, while the presumed ancestral structures and the tree itself differ with each possible history. Deletion or insertion events that may have occurred in each history can be discerned by comparing the differences between ancestral and modem-day structures. The symbols for short-sequence repeats in LI and for the Ll target site portray the endpoints for possible deletion events involving recombination between short direct repeats. Two additional symbols depict the Ll sequence rearrangements not involving recombination--the large insertion in the poly-A tail of LlMd-6 and the partial deletion of most of L 1 Md-6 in the C57B 1 inbred line. The diagram does not include any of the sequence rearrangements of flanking intergenic DNA. The placement of the time of LlMd-6 transposition or gene conversion be'tween the split ofMus caroli from M. musculus at 6 Mya and the M. musculus haplotype split at 2 Mya (based on appendix section B) is based on a comparison between Ll Md-6 and the two main functional (or "driver") Ll Md lineages ). These drivers, represented by Ll Md-A2 and LlMd-4, split 3 Mya and have since acquired 6% mismatch due to 3% mutation each at a "driver" neutral mutation rate of -1% mutation/Myr. LlMd-6 apparently arose -3.3 Mya as a pseudogene copy of the ancestor to the two lineages. It currently exhibits -5% mismatch to both Ll Md-A2 and LlMd-4, because of 3.3% mutation over 3.3 Myr in the drivers and 1.7% mutation over 3.3 Myr during its own history as a pseudogene; Ll pseudogenes acquire neutral mutations at half the rate of Ll drivers (Burton et al. 1986; Hardies et al. 1986 ), presumably because they no longer propagate themselves by error-prone reverse transcription.
'
because of inheritance from a common ancestor, then the source of their concerted evolution would appear to be gene conversion. When we examined the equivalent M. caroli site which is occupied by LlMd-6 in BALB/c and C57B1, we found that there was no Ll present at that location in the M. caroli chromosome examined ( figs. 2 and 3) . If the Ll elements in M. musculus and M. pahari came to be present by independent insertions at the same site, then the absence of an Ll element at that site in M. caroli is easy to understand. However, if the elements at that site in M. musculus and M. pahari are present because of inheritance from a common ancestor, then some other explanation is needed to explain the missing Ll element in M. caroli, because this species diverged from the M. musculus lineage after the M. pahari-M. musculus split and hence shared their common ancestor (She et al. 1990 ). A precise deletion of the Ll element via recombination between the short direct repeats surrounding the Ll element would remove the element and reconstitute the target insertion site as we find it in M. curoli. An alternative explanation would be that, at the time of the M. curo1i-M. musculus divergence, there still existed in the ancestral murine population a polymorphism for the presence or absence of an Ll element at this site and that the diverging M. caroli population inherited a chromosome that never contained the Ll element at the site being examined.
What Is the Likely Evolutionary History for these Ll Elements?
Our data and our current understanding of the mechanisms that act on Ll elements in the genome are not adequate to provide a definitive decision as to which of the several alternative possible histories ( fig. 3 ) are appropriate for this site in M. musculus, M. caroli, and M. pahari. We can, however, define the path with the least number of unprecedented events. While the independent insertion history ( fig. 3,  upper right) has the least number of events necessary to explain our observations, independent insertion of an Ll element at exactly the same site does not fit well with the lack of insertional specificity observed for Ll elements. A very large number of Ll insertion sites are known, and no rules for the insertion process have become obvious. An A-T bias (Furano et al. 1986 ) has been suggested, but such a bias would still seem unlikely to give a reasonable probability of there being even a single shared nonancestral insertion point within the entire Ll population.
The alternative history involving both an ancestrally inherited element in M. musculus and M, pahari and a precise deletion of that element from M. caroli ( fig. 3 , upper left) also involves an undocumented class of event-i.e., the precise deletion of an Ll element. A general mechanism for removing Ll elements is presumably complicated by the fact that the ends of the elements are usually different and hence unrecognizable by any Ll specific process. The only common feature bounding Ll elements are the short direct repeats which are duplications of the insertional target sequences. These short direct repeats can vary in length from -5 to -15 bp. If all of these short direct repeats were the substrate for a general deletion process acting on Ll elements, such repeats would also serve as substrates leading to the deletion of the large amount of nonfunctional DNA still present in the genome, since such repeats occur quite frequently at random in the genome. Of course, just such a deletion might have occurred, not as part,of a general mechanism but, rather, as a very rare event.
On the other hand, perhaps L 1 elements bounded by larger direct repeats of lo-15 bp can frequently be substrates for a more stringent general deletion process. The elements studied here have lo-11 -bp direct repeats separated only by several hundred nucleotides, whereas such repeats would arise randomly only at l,OOO-4,000-kb intervals.
The third alternative history-i.e., common ancestry, to explain the presence of an Ll element at the same site in M. puhari and M. musculus, and retention of site polymorphism up through the time of the A4. musculus-M. caroli speciation, to explain the absence of the L 1 element at this site in M. caroli ( fig. 3, lower left) -has the property of not requiring any events that are not yet known to be acting on the mammalian genome. While one might expect that neutral sequences would have become fixed in the population ancestral to M. caroli and M. musculus in the 6 Myr between the M. pahari-M. musculus and M. caroli-M. musculus speciation events, it is very common for nearby genes to provide a source of selective properties that can maintain a polymorphism of two chromosomal variants.
